Abstract: Fine particulate air pollution (PM 2.5 ) has been associated with many adverse health outcomes including school absences. Specifically, a previous study in the Utah Valley area, conducted during a time with relatively high air pollution exposure, found significant positive correlations between school absences and air pollution.
INTRODUCTION
F ine particulate matter air pollution (PM 2.5 ) has been associated with various adverse cardiopulmonary health outcomes. [1] [2] [3] [4] [5] [6] Several studies have found positive associations between air pollution and school absences among children. School absences have been associated with high carbon monoxide (CO) levels. 7 Short-term changes in ozone (O 3 ) have also been associated with increased respiratory illness among children, leading to increases in school absences. 8 Other studies have found that exposure to air pollution places children at risk for asthma exacerbations and hospitalizations, as well as deficits in lung growth. Some researchers have even suggested that pediatricians should educate children and their families about how to avoid the harmful effects of air pollution by rescheduling outdoor activities. 9 In the Utah Valley, positive associations have been found between particulate air pollution (PM 10 ) and absenteeism among elementary schoolchildren. 10 Increased absenteeism is negatively correlated to many measures of student performance, including pass rates on standardized tests 11 and teacherassigned reading grades. 12 Moreover, in many cases such absences cause parents to miss work 13 and thus add to the overall economic burden caused by particulate air pollution. The present study evaluates associations between pollution and elementary school absenteeism in 3 school districts (Alpine, Provo, and Salt Lake City) located in two moderately polluted Wasatch Front valleys of Utah using a neighboring control district (Park City) in a quasi-experimental approach 14 that capitalizes on Park City's much lower pollution levels.
A primary difficulty of evaluating associations between air pollution and school absences is controlling for structural factors that influence absences. Such structural factors can be conceptualized using 2 categories: observed structural factors and unobserved structural factors. Observed structural factors are those factors that can be measured and explicitly controlled for in statistical models, for example, seasonal trends across the school year, holidays, day-of-week effects, weather effects, etc. Unobserved structural factors are those factors that are difficult or impossible to measure and model within a statistical framework, such as one-time events that cause parents to pull their kids out of school (changing concerns regarding school safety, local events, etc.). In an idealized experimental framework, an identical school district without exposure to air pollution, but that experienced all other common factors that influence absences, would be used as a control. Such a framework would control for both observed structural factors and unobserved factors; pollution would be the only factor to vary across districts.
The present study takes advantage of conditions that approximate an idealized experimental framework. Park City absences are influenced by observed structural factors that are nearly identical to those that affect the other districts and presumably by unobserved factors that are similar to those in the other districts. The Park City School District, however, is located away from the larger metropolitan areas, sits at an elevation above the typical stable temperature inversion layer, and has much lower concentrations of air pollution. Thus, Park City school absences should not be affected by pollutants from the Utah and Salt Lake valleys. Variations in Park City absences theoretically represent, at least in part, the impact of both observed and unobserved factors while not being affected by the fluctuations in pollution that occur in the more urban Wasatch valleys. Controlling for absences from Park City provides a reasonable quasi-experimental approach to help control for unobserved factors. Moreover, if structural controls for observed factors of absences are sufficient to prevent confounding, Park City serves to verify the effectiveness of these controls.
The primary hypothesis of this analysis is that elementary school absences from the Alpine, Provo, and Salt Lake City school districts are positively associated with PM 2.5 concentrations, even while controlling for changes in absences in the Park City School District and while controlling directly for various structural and weather-related relationships (day-ofweek, holidays, seasonality, temperature, and snowfall). To more confidently test this hypothesis, we investigate the plausibility that variation in Park City absences represents variation in absences attributable to all factors, observed and unobserved, common across the 4 districts under consideration.
METHODS

Study Areas
The geographic locations of the 4 school districts used in this study are presented in Figure 1 . The Alpine and Provo school districts are both located on the valley floor of Utah Valley at an elevation of approximately 1400 m. The Salt Lake City School District is in the Salt Lake Valley (just north of Utah Valley) with an elevation of approximately 1300 m. These three districts are in urban areas and share common weather patterns. During low-level temperature inversion episodes, PM 2.5 concentrations are elevated, with local emissions becoming trapped in a stagnant air mass near the valley floor. In contrast, the Park City School District is situated east of Salt Lake Valley at an elevation of approximately 2070 m, in a higher Wasatch Mountains area that includes ski resorts. The highway (I-80) from Salt Lake City to Park City is useful in considering elevation differences between Park City and the other three study areas: elevation along this road rises from 1300 m to a maximum of approximately 2135 m, and then decreases until reaching approximately 2070 m in the vicinity of Park City. The mountain range between Park City and the Alpine and Provo areas has peaks reaching as high as 3850 m. The stable temperature inversion layer is typically at an elevation of approximately 1800 m. [15] [16] [17] Although the Park City School District is located only approximately 20 miles away from the metropolitan area of Salt Lake City, it is at an elevation that is typically above the temperature inversion level. Thus, Park City has much lower average air pollution levels than the other 3 school districts and serves as a quasi-control school district.
Absences and Enrollment Data
Daily counts of elementary school absences for 3 school years (2011/12-2013/14) and information regarding school days and vacation days were obtained from each school district for all elementary schools in the 4 school districts. In each school district, daily counts for all schools were added to get a daily absence count for the district. Days in which not all elementary schools were in session or in which not all schools reported an absence count were recorded as missing observations and excluded from the analysis. Thus, the district-wide daily absence counts represent the sum of absences for a fixed set of schools for each day. A few schools were excluded from the analysis to increase the consistency of comparisons. These included 2 Kindergarten through 8 th grade schools in the Salt Lake City School District and 1 school in the Alpine School District with incomplete absences data. It is noted that 29 schools in Alpine and 19 schools in Salt Lake have prekindergarten students, and three schools in Salt Lake and all of the schools in Park City do not have sixth grade students.
Data concerning baseline enrollment by grade level in the 2011 to 2012 school year were collected from the National Center for Education Statistics Common Core of Data. 18 
Pollution and Weather Data
Daily concentrations of fine particulate matter air pollution (suspended particles with an aerodynamic diameter less than or equal to 2.5-mm cut point, PM 2.5 ) for the 3 school years under consideration were available from central-site monitors located in the Alpine, Provo, and Salt Lake City school districts. The PM 2.5 data were compiled from the US Environmental Protection Agency (EPA) Air Quality System (AQS). 19 Limited PM 2.5 data, with less quality assurance, for the Park City School District were obtained from the Summit County Health Department. For each of the 4 districts, a central monitoring site was chosen based on central location and availability of a comprehensive collection of daily PM 2.5 concentrations. In addition to PM 2.5 measurements from central monitoring sites, data were also collected from monitors located at 4 other nearby sites (Bountiful, Spanish Fork, North Salt Lake, and Kamas). Daily PM 2.5 concentration data from the central sites were regressed on the data collected from surrounding sites. PM 2.5 concentrations across nearby sites were highly correlated (R 2 values 0.80-0.95). Missing daily PM 2.5 concentrations at the central site were imputed using the regression results and the PM 2.5 concentrations from the PM 2.5 monitor whose regression yielded the highest R 2 values. The number of imputations for each area ranged from 4 (Provo) to 111 (Park City). Additionally, PM 10 data were gathered and imputed comparable with PM 2.5 to evaluate the sensitivity of results.
Weather data documenting mean daily temperature (Fahrenheit) and daily snowfall (inches) at the Salt Lake City International Airport (see Figure 1 for location) as well as temperature and daily snowfall for Park City (from the Thayne's canyon and Park City monitoring stations, respectively) were collected from the National Climatic Data Center.
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Demographic and Socioeconomic Data
Data regarding the education level, median income, and percent of families below the poverty line for each school district were collected from the 2013 American Community Survey (ACS). 21 Additionally, data indicating the percent of the population that was black, Asian, and Hispanic or Latino were collected from the 2010 Total Population Census. 22 Data from both the ACS and the 2010 census were collected at the zip code level. Estimates of these variables at the school district level were calculated using population, household, and family weighted averages of those zip codes that primarily comprised each of the 4 school districts.
Statistical Analysis
We used seminonparametric generalized additive Poisson regression models to estimate the relationship between PM 2.5 and absenteeism while controlling for the observed structural factors that influence elementary school absences. This analysis was conducted for the Alpine, Provo, and Salt Lake City school districts. The dependent variable in all models was the total count of students absent per day for each district.
Five models were used to investigate the air pollution effect. Each model was estimated using PM 2.5 from the previous day as well as 3, 5, and 7-day lagged moving averages. Model 1 included PM 2.5 as a linear independent variable. Model 2 included PM 2.5 and daily absence counts in Park City as linear independent variables. As explained previously, absences in Park City were used to control for both observed and unobserved structural determinants of absenteeism. Because of Park City's higher elevation and lower pollution levels, absences in Park City are less likely to be pollution induced and serve as a relevant control for shared structural factors that influence attendance. The estimation of model 2 serves as a benchmark by which to measure subsequent models that control explicitly for observed structural factors.
Model 3 directly controlled for observed factors influencing absences using structural controls. Specifically, model 3 dropped the number of absences in Park City and included the following variables: indicator variables for each of the 3 school years; indicator variables for school days immediately before or after a school holiday; functions of day-of-week (Monday-Friday corresponding to days of week 2-5, respectively); a smooth function of the number of days from the start of each school year; and smooth functions of the average daily temperature (measured in Fahrenheit) and the daily snow fall (measured in inches). The smooth functions were penalized cubic spline functions calculated with 3 degrees of freedom. Thus, rather than controlling for structural factors implicitly by using Park City, model 3 explicitly controls for a variety of observed structural factors hypothesized to influence daily absences.
Model 4 combines the explicit structural controls of model 3 with the implicit control of Park City; it included the same controls as Model 3 as well as daily absences from Park City. If, as hypothesized, variation in Park City absences represents the impact of observed and unobserved structural determinants of absences, then model 4 doubly controls for observed structural factors and appropriately controls for unobserved structural factors. Model 5 is similar to model 4, but is intended to remove this double controlling. Model 5 includes the explicit controls of model 3 and an implicit control calculated from Park City. This model was the same as model 4, but rather than using daily absences from Park City, this model used the residuals calculated from estimating the number of Park City absences using observed structural factors (a regression similar to model 3 but using Park City absences as the dependent variable, excluding pollution, and using temperature and snowfall from Park City rather than from Salt Lake City). Because these residuals are calculated from a model that excludes pollution, they theoretically represent the impact of all the unobserved structural factors and pollution (whose impact in Park City is hypothesized to be zero). Thus, model 5 explicitly controls for observed structural factors and implicitly controls for unobserved structural factors.
All models were also estimated using PM 10 instead of PM 2.5 , although only a selection of these results is presented here. The smooth functions in models 3, 4, and 5 were calculated separately for each district and lag structure. Models were estimated using SAS, version 9.4, PROC GAM (SAS Institute, Cary, NC).
Ethics Review
School absences data were compiled from legally accessed administrative data provided by the public school districts that did not include any individual student information. The baseline enrollment, pollution, weather, demographic, and socioeconomic data came from other publically and legally accessible data sources. Therefore, review by an institutional review board for human subjects or ethics committee was not necessary. Table 1 presents the means and standard deviations for the daily absences in all 4 school districts for each of the 3 school years. Table 1 Although the PM 2.5 data are limited for Park City, it is noted that the average pollution levels are much lower. Table 3 gives demographic and socioeconomic variables aggregated across the zip codes that primarily comprise each school district. Additionally, Table 3 provides a breakdown of 2011-12 enrollment into 3 buckets: percent prekindergarten and kindergarten students, percent 1 st to 3 rd grade students, and percent 4 th to 6 th grade students. Table 4 gives simple Pearson correlation coefficients between absences in all 4 districts, pollution from the Lindon, North Provo, and Hawthorne PM 2.5 monitors, and temperature in Salt Lake City and Park City. Daily school absences and PM 2.5 concentrations were highly correlated between the 2 school districts in the Utah Valley (Alpine and Provo) but less so with Salt Lake City and Park City. Across the entire year, temperatures between Salt Lake City and Park City were highly correlated (0.92, P < 0.001), reflecting seasonal correlations in temperatures; however, the correlation between these 2 temperature measurements was also computed for only winter months and for inversion days (Salt Lake City PM 2.5 > 30 mg/m 3 ). These correlations were much lower than the correlation for the entire year, and were calculated as 0.29 (P < 0.001) for winter months and 0.24 (P ¼ .06) for inversion days.
RESULTS
Figures 2-5 present school absences for the Alpine, Provo, Salt Lake City, and Park City school districts and daily PM 2.5 concentrations plotted over time for each of the 3 school years. Several structural patterns in school absences are easily observed, including: day-of-week effects, with the lowest absenteeism on Wednesdays and higher absences nearer weekends; higher absences just before breaks and holiday weekends; and a nonlinear school year time trend with absences being low at the beginning of the school year, rising for a time, and then falling toward the end of the school year. It is noted that absences were highest during the 2012 to 2013 school year, which was also the year of highest influenza illness of the 3 years under consideration.
23 Table 5 presents regression results from each of the 5 models for Alpine, Provo, and Salt Lake City. Model 1 yields significant positive correlations between PM 2.5 and school absences for all lag structures for each of the 3 school districts. Model 2, which includes Park City absences as a control variable, gives slightly smaller coefficients than Model 1, but estimated associations are all positive and statistically significant. Model 3, which drops Park City absences but includes indicator variables for school year and holidays as well as flexible spline smoothers to control for day-ofweek and seasonal and weather patterns, finds positive, statistically significant associations for PM 2.5 in both the Provo and Alpine school districts. Estimated associations from Model 3 for the Salt Lake City School District are positive and statistically significant for 3, 5, and 7-day lagged moving averages of pollution, but negative and statistically significant using pollution exposure from the previous day. Estimated associations from Model 4 were all positive and significant except for Salt Lake City using pollution from the previous day, which yielded a coefficient that was negative but statistically insignificant. Model 5 yielded similar results to model 4 in terms of significance and direction, although estimated associations were slightly smaller. Again, the relationship between absences and pollution was significant and negative only for 1 day lagged exposures in Salt Lake. For each study area and lag structure, we calculated the Akaike information criterion (AIC) for each of the 5 models. AIC values were uniformly lowest for model 5 for all lag structures and study areas, indicating that model 5 had the best fit relative to all models considered for estimating the relationship between PM 2.5 and school absences.
As hypothesized, school absences from the Alpine, Provo, and Salt Lake City school districts were associated with absences from the control district, Park City. Using a 5-day lagged moving average of PM 2.5, model 2 indicates an approximately 4% increase in absences associated with a 10-person (or approximately 12%) increase in absences in Park City, with the relationship being highly statistically significant (P < 0.001). These results suggest that much of the structural variability, from observed and potentially from unobserved factors, is at least partially controlled for with the inclusion of Park City absences. When variables that directly control for the observed structural factors are also included in the model (Model 4), the 
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associations with Park City absences are attenuated (approximately 2% increase in absences associated with a 10-absence increase in Park City, P < 0.001), but remain significant. These results suggest that there remain some unobserved factors common across school districts that are at least partially controlled for by including the control district. Model 5 further investigates the impact of such unobserved factors. Estimated relationships are slightly smaller than model 4, and the associations with Park City residuals are positive and highly statistically significant (P < 0.001). Overall, however, in the most fully controlled models (models 4 and 5), the association between PM 2.5 and absences is quite small, with a 3 to 7-day lagged moving average increase of 10 mg/m 3 PM 2.5 being associated with an approximately 1.5 to 2% increase in school absences.
Results for PM 10 (not presented) are highly comparable with results presented for PM 2.5 in direction and significance. The average ratios of PM 2.5 to PM 10 at the Lindon and Hawthorne monitoring sites (those with the most available PM 2.5 and PM 10 data) were 0.62 and 0.48, respectively, during the days for which school was in session. The magnitudes of the estimated PM 10 effects reflect this relationship, with the mean ratio of PM 10 effects to PM 2.5 effects for all models and lag structures equal to 0.59, 0.69, and 0.61 in Alpine, Provo, and Salt Lake City, respectively. Results from model 5 indicate that a 10-mg/m 3 increase in 7-day lagged moving average PM 10 is associated with an approximately 1 to 1.5% increase in absences. Figure 6 presents the estimated associations between shortterm PM 2.5 exposure and day-of-week, days from the start of the school year, average daily temperature, and daily snow fall for the Alpine School District using Model 4. These relationships were significantly nonlinear. Similar associations are observed in the other districts. As is seen in Figure 6 , days closer to weekends are associated with higher absenteeism. Winter months are associated with higher numbers of absences, especially before and after Christmas breaks. Additionally, colder temperatures and larger amounts of snowfall are associated with more absences.
DISCUSSION
For the Alpine, Provo, and Salt Lake City school districts, elementary school absences are associated with daily PM 2.5 concentrations even while controlling for absences (or residuals) in the control district (Park City) and controlling for various observed structural and weather factors. These results are suggestive of an effect of air pollution on elementary school absences. Regardless of choice of model or lag structure, our estimates indicate a positive relationship for the Provo and Alpine school districts. In Salt Lake City, PM 2.5 effects on school absences were somewhat smaller and less consistent, perhaps because overall absenteeism is much higher in Salt Lake. The PM 2.5 effects were generally strongest for longer lag structures (3 to 7-day lagged moving average exposures).
This analysis has several strengths. An epidemiologic analysis that evaluates the relationship between absences and pollution by simply including observed structural factors in a regression model must assume that there are no unobserved factors excluded from the model that are correlated with pollution. This approach is analogous to model 3 in our study. The inclusion of Park City as a control district introduces a quasi-experimental aspect that improves control for unobserved factors, but falls short of being a true randomized experiment. Although this study remains an observational study, it has one clear advantage to the traditional approach: a representation, even if imperfect, of the unobserved structural factors influencing absences. As mentioned, Park City experiences much lower levels of air pollution throughout the school year. Owing to its close proximity and socioeconomic similarity, we expect such structural factors to be common across all 4 districts. Thus variation in absences in Park City represents the variation attributable to shared observed and unobserved structural factors except for pollution. Therefore, although we neither explicitly control for all factors influencing absences nor randomly assign pollution exposure, we have the advantage of being able to check our estimates (model 3) against models that can more fully control for potential unobserved confounders (models 4 and 5).
Given that estimates remain relatively stable across models 3, 4, and 5 we have more confidence that the estimated relationship is not due to confounding by unobserved factors. Rather than assuming that there are no factors in the error term correlated with pollution and absences, one need to only assume that there are no factors unique to Salt Lake, Alpine, or Provo and not present in Park City, that are unobserved, uncontrolled for, and correlated with pollution. We are unaware of a potential confounder that is correlated to pollution, affects school absences, is not captured by the extensive structural controls included in model 3, and is not present in Park City.
In addition to the advantages of using Park City, the controls for observed structural factors are exhaustive. Fixed effects for school year allow us to control for year-to-year changes in overall number of students enrolled in each district as well as for all other factors influencing absences that are permanent throughout a given school year. Indicator variables for days before and after holidays control for the increases in absences attributable to travel and festivities. Similarly, day-ofweek variables control for weekly trends in absences (increased absences on Mondays and Fridays), whereas smooth terms for days from the start of school and weather trends control for seasonal and weather effects on absences. The year fixed effects and nonlinear seasonal controls also serve to model influenza prevalence, which is highly seasonal and varies from year to year. This seasonal impact can be seen in Figure 6 . The concave shape of the function on days from the start of the school year captures seasonal effects of influenza.
This analysis also has important limitations. The large majority of the variability in school absences is related to structural factors such as day-of-week, holidays, and trends across school years. Even after attempts to model these factors and the inclusion of the quasi-control district, the present study does not constitute a scientific experiment in the strictest sense. There are no guarantees that there is not some unobserved confounder that is associated with air pollution and is not present in Park City. Controlling for absences from Park City provides a reasonable quasi-experimental approach to help control for unobserved factors.
To gauge the value of Park City as a control, it is insightful to look beyond simple geographic proximity and observe socioeconomic and demographic characteristics. Given that Park City is meant to capture unobserved factors common across districts, the more similar Park City is to those districts on observed factors, the more plausible it is to assume that the districts share such unobserved factors. Specifically, Park City appears better suited to act as a control for Alpine and Provo than for Salt Lake City. Perhaps the largest evidence for this is that the average percent of enrolled students who are absent on a given day is quite similar for these 3 districts, whereas for Salt Lake City, it is almost twice as high. Given that the average percent of students absent is similar across Alpine, Provo, and Park City, it is more reasonable to assume that the factors driving absences are more similar within these 3 districts than between Salt Lake City and Park City.
A potential cause for concern is the reduced correlation in temperature between Salt Lake City and Park City during pollution episodes. However, although the temperatures in Salt Lake and Park City are much less correlated during inversions, model 5 explicitly controls for these temperature differences by including Park City temperature in the estimation of Park City residuals and by controlling directly for Salt Lake City temperature.
Regarding socioeconomic factors, Alpine most closely resembles Park City in terms of median income and Provo most closely resembles Park City in terms of percent of adults older than 25 years who are high school graduates. In terms of percent of families below the poverty line, Provo and Salt Lake are more similar to Park City than Alpine, although it is noted that the percent of families below the poverty line in Park City has risen sharply from 9% in 2011 to 18% in 2013. These observations also provide some evidence supporting the assumption that factors influencing absences are more similar between Alpine/Provo and Park City than between Park City and Salt Lake, where median income and high school graduation rates are much lower than Alpine, Provo, and Park City (note that the low median income and high percent below the poverty line in Provo is partially attributable the sizeable population of university students). Additionally, the fact that there are no 6th grade or prekindergarten students in the Park City district is a limitation for which none of the models can compensate.
Considering the results in light of these comparisons is enlightening. Estimated relationships in Alpine are the most consistent across the most relevant models (3, 4, and 5), and results in Provo are similarly steady. Relationships in Salt Lake City are fairly constant, but exhibit some unexplainable behavior for 1-day lagged exposures. Although we know of no specific mechanism for why this would be the case, these results may be evidence that those districts for which Park City is better suited to serve as a control yield the most reliable results. Additionally, because more students are absent on average in Salt Lake, the group of students on the margin to be influenced by pollution may be different than in the other districts. That is, if the pollution effects are in fact larger for longer lag structures, the negative previous day associations in Salt Lake may be evidence that the students likely to be influenced by this smaller pollution effect are already absent. However, none of these factors adequately or fully explain the curious Salt Lake City behavior. Again, it is emphasized that although the quasi-experimental design improves on a purely observational approach, it does not constitute a scientific experiment and therefore residual confounding remains a possibility.
Two other potential differences between the districts under consideration are the religious makeup of each district and the composition of PM 2.5 in each district. A majority of the people in Utah belong to the Church of Jesus Christ of Latter-day Saints; however, across counties, this percentage varies widely. The Alpine and Provo school districts are both located in Utah County, where the percent of the population belonging to the Church of Jesus Christ is higher than in Salt Lake County, and much higher than in Park City, where only a minority are members of this church. However, we are unaware of any programs, activities, or related school functions for elementary aged children that differ by religious affiliation, and is unclear what effect, if any, these differences would have on absenteeism and how this might confound air pollution effects. Additionally, it is possible that the chemicals comprising PM 2.5 vary across the districts, and that the correlation between exposure and absenteeism is attributable only to some of these components; however, there is no reliable evidence that this would be the case.
Despite these limitations, the results of this article suggest that elevated levels of air pollution contribute to increased elementary school absences. These absences-pollution effects are relatively small compared to the effects of school year seasonal trends or day-of-week and holiday effects. These effects are also smaller than those previously observed in Utah County 10 when pollution levels were higher: they estimated that a 100 mg/m 3 increase in 28-day moving average PM 10 was associated with a 40% increase in overall absences. Although the models are not directly comparable, our estimates indicate that a 100 mg/m 3 increase in 7-day moving average PM 10 is associated with a 10% to 15% increase in absences. The smaller effect estimate may be the result of several factors: on average the percent of students absent has decreased somewhat since this earlier study; pollution exposures have decreased significantly over the period from 1985 to 2011, especially in Utah Valley; during the study period of the earlier study, the largest point source of PM 2.5 and PM 10 was a large integrated steel mill that shut down in 2002. There is evidence the particulate pollution from the steel mill was relatively more toxic with potentially larger health effects. 24 Given that some cities in the world experience PM 2.5 levels much higher than Utah's wintertime peaks, 25 the impact of pollution on school absences may be larger at higher levels of PM 2.5 . Comparisons with this previous Utah county study also may indicate that absolute values of PM 2.5 matter more in determining school absences than do fluctuations from mean PM 2.5 levels. Nevertheless, associations between particulate air pollution and elementary school absences found in 1990 may still persist even at today's lower levels of pollution. The results also suggest that if pollution were reduced even more, perhaps to levels closer to those in Park City, the apparent effects of PM 2.5 on elementary school absences may completely vanish.
